NORMAL WOUND HEALING {#sec1-1}
====================

Wound healing requires a concerted effort of remodeling of various components of the connective tissue in the presence of appropriate cytokines and growth factors. Wound healing is a complex process involving a cascade of events, orchestrated by interactions between many cell types, soluble factors and matrix components. Various steps like microbial control, subsidence of inflammation, regeneration of connective tissue, angiogenesis and epithelialisation should take place in a time-bound sequence.\[[@ref1]\]

Any acute wound initially goes through the phase of "haemostasis and inflammation". Immediately after the injury, the cell membranes release potent vasoconstrictors like prostaglandin 2 alpha and thromboxane A2. The collagen in the wound sets off the clotting cascade through both the intrinsic and the extrinsic pathways. The resulting fibrin clot contains collagen, thrombin and fibronectin. These in turn lead to the release of inflammatory cytokines and growth factors. Neutrophils undergo chemotaxis into the wound in the presence of interleukin-1, tumour necrosis factor (TNF)-alpha, transforming growth factor (TGF)-beta, platelet factor-4 and bacterial products. These cells get rid of the wound bacteria and devitalized tissue.

The wound then enters into a "proliferative phase" in the vital presence of the activated macrophage. Collagenases secreted by the activated macrophage debride the wound. Interleukins and TNFs stimulate fibroblasts and TGF stimulates keratinocytes. Epithelialisation, angiogenesis, granulation tissue and collagen deposition are the cardinal events that take place.\[[@ref2]\] In the proliferative phase, the fibrin clot is replaced by a template of fibrocytes that lay down collagen. Proliferation of endothelial cells results in neovascularisation and capillary formation into the wound bed. This is facilitated by TNF-alpha and is essential for wound healing.

The proliferative phase ends with the formation of granulation tissue. Platelet-derived growth factor (PDGF) and epidermal growth factor secreted, respectively, by platelets and macrophages lead to fibroblast activation. In response to TGF-beta 1 secreted by the macrophages, fibroblasts situated inside the wound transform into myofibroblasts. These myofibroblasts are less capable of proliferation, but are responsible for wound contraction. Stimulated by PDGF, fibroblasts lay down a provisional matrix composed of type III collagen, glycosaminoglycans and fibronectin. Healthy granulation tissue requires an adequate supply of nutrients via capillaries.

An organised deposition of a matrix of collagen is the hallmark of the third phase of "remodeling or maturation". This phase usually begins 1 week after the injury, and extends up to 1 year \[[Figure 1](#F1){ref-type="fig"}\]. In the early part of the third phase (4--5 weeks), a lot of collagen deposition takes place and the tissue is indurated. This softens later, as the collagen is resorbed and aligned. Regression of vessels leads to the scar tissue becoming paler with time. If there are problems with matrix deposition, the strength of the wound is considerably impaired. If excess collagen is laid down, hypertrophic scar or keloids result. The collagen in granulation tissue is fundamentally different from the collagen in the normal dermis. It has thinner fibres, probably due to greater hydroxylation and glycosylation of the lysine residues. The strength of the wound reaches a maximum of 80% at around 3 months after injury.\[[@ref2]\]

![Time line of the stages of normal wound healing](IJPS-45-237-g001){#F1}

ABNORMALITIES IN A CHRONIC WOUND {#sec1-2}
================================

The definition of a chronic wound is not clearly found in the literature. These wounds develop whenever there is prolongation of one of the phases of normal healing. These fail to heal when other wounds of similar size would have otherwise healed.\[[@ref3]\] According to Leaper and Durani,\[[@ref4]\] any wound that that has not shown a 20--40% reduction in area after 2--4 weeks of optimal treatment should be labeled as chronic. A chronicity may be considered when there is no complete healing after 6 weeks or if there is poor response to a treatment change.

Wound healing is said to be impaired when such sequential progression of events for normal healing does not take place and, instead, local injury and chronic inflammation persist.\[[@ref1][@ref5]--[@ref7]\]

Wound healing is a complex process that is susceptible to abnormalities at many levels. These factors can be classified into local and systemic. Low oxygen tension in the wound results in endothelial cell apoptosis, decreased neutrophil and fibroblast activity.\[[@ref8]\] Oedema in the wound increases the distance between capillaries at the tissue level and hence local perfusion of oxygen is decreased. Most chronic wounds are hypothesized to have a local environment with reduced oxygen levels.\[[@ref8]\] Indeed, hyperoxia recruits bone marrow-derived progenitor cells into diabetic and ischaemic wounds.\[[@ref9]\] The resident fibroblasts in chronic wounds may be phenotypically senescent and show decreased responsiveness to TGF and PDGF.\[[@ref10]\] The presence of bacteria in the wound increases pro-inflammatory mediators and decreases growth factor levels. All chronic wounds have quantifiable bacterial counts. The local tissue responds to bacterial presence with inflammation. The neutrophils and macrophages release proteases and oxidants, which degrade cytokines and extracellular matrix. But, these also place undue stress on the viable neighbouring cells. Combined, tissue hypoxia and bacterial proliferation are two major local obstacles in the healing of any wound.\[[@ref7]\]

TISSUE ENGINEERING {#sec1-3}
==================

Tissue engineering is a developing field with a lot of promise in wound management.\[[@ref11]\] The components of tissue engineering\[[@ref12]\] are (1) gene therapy, (2) cytokines and other growth factors, (3) scaffold and (4) cells. Stem cells come under the cellular component.

Stem cell {#sec2-1}
---------

A stem cell is a cell that can self-replicate and give rise to more than one type of mature daughter cell. Thus, stem cell incorporates a broad range of cells with different capacities for proliferation and differentiation.

Totipotent stem cells are capable of giving rise to an intact organism, including germinal tissues. Pleuripotent stem cells can give rise to cells derived from all three germ layers. Multipotent or organ-specific stem cells are capable of giving rise to the cells that comprise a single organ system or tissue. Therefore, a stem cell is characterized by (1) unlimited self-renewal capacity, (2) long-term viability, (3) multi-lineage potential,\[[@ref12]\] (4) participation in tissue repair and (5) preservation of somatic homeostasis.\[[@ref13][@ref14]\] Stem cells can be harvested from embryonic or adult tissues. A classical stem cell must be capable of asymmetric cell division, i.e. it must produce as progeny, one exact multipotent replica cell and a transit amplifying (TA) cell\[[@ref13]\] that performs a more specialized function.\[[@ref15][@ref16]\] Thus, replication of a single cell can potentially result in whole populations of cells. This will lead on to produce tissue regeneration along with retention of a population of identical stem cells. It is these characteristics of clonogenicity and pleuripotency that result in their therapeutic impact.\[[@ref15][@ref17]\]

Embryonic stem cells are formed from the inner cell mass of a pre-implantation blastocyst.\[[@ref18]\] These have the potential to differentiate into any type of cell (multipotent). With suitable media and in the presence of growth factors, these can give rise to keratinocytes. However, the stability and oncogenicity of embryonic stem cells have to be further defined. On the contrary, stem cells harvested from adult tissues have been well studied.\[[@ref12]\] The bone marrow is the richest adult source of these cells. Cells have also been harvested from the peripheral blood, umbilical cord blood, amniotic membrane,\[[@ref19]\] adipose tissue, etc. Organ systems also harbour indigenous holoclones of cells, with high-renewal capacity and low levels of differentiation.\[[@ref13]\] These are called resident stem cells. In the skin, these are the dermal sheath cells of the hair follicle.\[[@ref20][@ref21]\]

The uncommitted mesenchymal stem cells (MSCs), residing in the bone marrow stroma, are fibroblast-like cells that optimize the microenvironment of the haematopoietic cells.\[[@ref5]\] Approximately 0.0001% of all nucleated cells in the marrow are MSCs. The same kinds of cells are also found in connective tissues across various organs in the body. These MSCs are capable of differentiating into tissues like bone, cartilage, adipose tissue and endothelium, depending on their microenvironment (niche).\[[@ref22][@ref23]\] The adult bone marrow aspirate can provide 30% more multipotent stem cells as compared with umbilical cord blood.\[[@ref17]\] However, the yield of these cells is still quite low immediately upon harvest.\[[@ref12]\] It has been demonstrated that marrow-derived -- MSCs -- can be expanded (multiplied) due to their property of adhering to tissue culture surfaces.\[[@ref22][@ref24]\]

Stem cell actions {#sec2-2}
-----------------

Research suggests that stem cells have mainly two actions. Firstly, they help to attenuate the systemic inflammatory response.\[[@ref15]\] Infusions of MSCs have been found to upregulate the anti-inflammatory cytokines\[[@ref25]\] such as IL-10 and IL-12 while decreasing the concentrations of pro-inflammatory cytokines like interferon-gamma, IL-1, IL-6 and macrophage inflammatory protein-1 alpha. In murine studies, MSCs have been found to have anti-apoptotic effects, upregulation of Bcl-2 and suppression of caspase enzymes in adjacent cells.\[[@ref25]\] In mice pre-treated with endotoxin, intrapulmonary infusions of MSCs resulted in reduction in pulmonary vascular congestion, decreased alveolar wall thickening and increased survival.\[[@ref26]\] *Ex vivo* expanded MSCs are known to interact with a broad range of immunocytes, including T lymphocytes, B lymphocytes, NK cells and dendritic cells.

Secondly, MSCs modulate wound healing.\[[@ref15]\] Injury results in multiplication of these cells in the marrow. These MSCs then home in to the sites of injury and seed the wound.\[[@ref27]\] Inside the microvasculature of the developing granulation tissue, they differentiate into dermal fibroblasts, myofibroblasts,\[[@ref22]\] lymphoid tissue and antigen presenting cells.\[[@ref17][@ref28]\] Endothelial progenitor cells, again from the marrow, augment new vessel formation (vasculogenesis\[[@ref18]\] ). Integrating themselves into the wound, the MSCs are postulated to directly participate in its repair.\[[@ref18]\]

Transplanted MSCs are thought to impact locally through five major paths\[[@ref29]\] -- (1) increased angiogenesis, (2) decreased local inflammation, (3) anti-apoptotic and chemotactic signaling, (4) normalization of extracellular matrix and (5) stimulation of nearby resident stem cells. They have been reported to secrete vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), transforming growth factor (TGF beta), hepatocyte growth factor, interleukins 10 and 13 and other cytokines and growth factors (paracrine signaling\[[@ref18]\]), which help in remodeling of the extracellular matrix and in neovascularisation. Even in an environment with low oxygen tension, bone marrow MSCs are known to respond positively.\[[@ref30]\] Up to 20% of fibroblasts in the wound are postulated to arise from bone marrow precursors.\[[@ref31]\] Again, MSCs have the potential to stimulate and differentiate the resident progenitor cells and promote recovery of injured local cells. The immunosuppressive properties of MSCs also help in prolonged wound coverage by delay of allograft rejection.

Only around 5% of the stem cells that are injected into the wound are proved to survive after the initial phase.\[[@ref29]\] Engraftment levels of locally delivered stem cells were observed to be too low to significantly regenerate functional tissue, especially in cardiac myocytes and smooth muscle tissue.\[[@ref32]\] The injected human MSCs have not been described to transform into keratinocytes and dermal appendage cells.\[[@ref22]\] The immuno-attenuative response afforded by the local presence of stem cells can be replicated by cell-free conditioned media derived from stem cells.\[[@ref29]\] All these evidence point to the theory that stem cells benefit through paracrine pathways, rather than by replacing functional tissue.

Thus, in contrast to any specific drug that affects a single pathway for its action, MSCs exhibit their therapeutic power through diverse systemic and local interrelated routes.\[[@ref18]\]

Nearly half a century has elapsed since Friedenstein and co-workers\[[@ref33]\] first isolated MSCs from rat bone marrow. These cells have been experimented in diseases as diverse as myocardial infarction, segmental bone defect and lung fibrosis.\[[@ref34]\] Barrandon *et al*. cultured different clones of keratinocytes in vitro and introduced the concept of stem cells in wound care.\[[@ref35]\] However, stem cells are mostly used in the field of tissue engineering.\[[@ref12][@ref17]\] Many dermal analogues have been manufactured to act as a scaffold for keratinocyte regeneration.

Another approach is the local application of stem cells for optimizing the regenerative capability of wounds. Badiavas and Falanga in 2003 introduced the use of bone marrow-derived cells in chronic wounds.\[[@ref36]\] Three patients with recalcitrant wounds present for more than 1 year and resistant to standard treatment were chosen for the study. Autologous bone marrow aspirate was topically applied in the first sitting. Part of the aspirate was cultured for subsequent administrations later. The authors reported healing of two of the wounds with three sittings of cell treatment alone.

Ichioka and colleagues used a collagen matrix impregnated with bone marrow aspirate on a chronic leg ulcer that had not healed for more than 1 year.\[[@ref37]\] The wound was subsequently skin grafted and healed with full-graft take. The authors postulated that angiogenesis is accelerated soon after application of bone marrow aspirate. Humpert *et al*. examined the nature of wound healing in a type 2 diabetic patient after the use of topical mononuclear bone marrow cells.\[[@ref38]\] They recorded that angiogenesis is restored in the presence of such stem cells. An in vitro study revealed that the levels of bFGF, VEGF and collagen synthesis were much higher in bone marrow stromal cells than in dermal fibroblasts.\[[@ref39]\]

The question is whether these stem cells differentiate into elements of connective tissue in the microarchitecture of the wound. Do they produce cytokines and growth factors that promote epithelialisation? The consensus postulated is that the wounds change their character from a chronic non-healing one to an acute regenerating one.\[[@ref17]\] Currently, this change of character requires surgical debridement. By removing diseased tissue, debridement recruits fresh fibroblasts, decreases bacterial load and channels the wound into the stages of healing.\[[@ref10]\] These are precisely the roles that stem cells have to play.

Burd reports the use of autologous bone marrow on chronic non-healing leg ulcers.\[[@ref17]\] The ulcers became more vascular. The wounds as such were definitively closed with skin grafts.

Rasulov *et al*.\[[@ref40]\] document using this procedure in a patient who sustained a 40% Total Burn Surface Area TBSA burn. They applied allogenic fibroblast-like MSCs on the burn wounds prior to skin grafting. They reported that there was a decrease in serous discharge from the wound after the application of stem cells. The patient had less pain after the procedure. On follow-up, they noted neo-angiogenesis, increased epithelialisation and increased graft uptake in the wound.

Ayyappan *et al*.\[[@ref41]\] describe the burn wound as a medium for colonisation of bacteria. They hypothesize that healing would accelerate if inflammatory cells are brought to the wound from the bone marrow. They describe the topical application of autologous bone marrow on two patients with chronic non-healing ulcers. These ulcers epithelialised after such treatment in both the cases. In one patient, a small residual raw area persisted that healed totally with a split-thickness skin graft.

Falanga and colleagues\[[@ref42]\] expanded autologous BM-MSCs ex vivo and combined them with fibrin spray for topical application. They studied the efficacy of this system in healing of four acute and six chronic wounds. The acute wounds were defects left to heal secondarily following cancer excision. The authors reported healing of these wounds within 8 weeks with the topical application alone. The chronic wounds that were chosen by the authors were refractory wounds present for more than 1 year. All of those healed within 16--20 weeks, with up to three sittings of the fibrin--MSC delivery system.

Lataillade *et al*.\[[@ref43]\] reported the use of MSCs in a patient who sustained a severe radiation burn injury to his left buttock. The patient underwent multiple sittings of debridement followed by split-skin grafting and local stem cell injection. These cells were cultured from bone marrow aspirate and underwent a two-step expansion process ex vivo, before local injection. Complete healing was noted within 6 months, and without any functional disabilities.

Yoshikawa and colleagues\[[@ref44]\] in 2008 treated 20 patients with chronic wounds with MSCs. The wounds were of diverse origin and included post-burn, diabetic and decubitus ulcers. The MSCs were cultured and expanded and impregnated into a collagen sponge that served as a dermal replacement. Some of the wounds had to subsequently undergo an autologous split-skin grafting. The authors reported that 18 of the 20 wounds healed satisfactorily.

Adipose-derived stem cells (ASCs) are similar to MSCs in morphology, differentiation and paracrine secretion under hypoxic conditions.\[[@ref45]\] Plastic surgeons, lately adipose-tissue engineers, take advantage of their abundance in liposuction specimens for cell-assisted lipotransfer.\[[@ref46][@ref47]\] ASCs were used along with suitable scaffolds to regenerate bone in human calvarial\[[@ref48]\] and maxillectomy\[[@ref49]\] defects. Healing of radiation ulcers\[[@ref50]\] and gastrointestinal fistulae\[[@ref51]\] has also been reported.

PROBLEMS AND POSSIBILITIES {#sec1-4}
==========================

A pilot study was conducted in our hospital on burn patients using bone marrow MSCs expanded *in vitro* (publication pending). Two wounds of similar size were compared. Both wounds underwent closure by split-skin grafting. The test wound was injected with up to 2--3 million MSCs at the time of grafting. While a majority of the test wounds healed faster than their counterparts, we did encounter some areas of concern for clinical application of stem cells.

The ideal mechanism of delivery of stem cells has not been elucidated. Falanga refined the local delivery of stem cells by incorporating them in fibrin as a spray.\[[@ref42]\] He postulated that incorporating into fibrin might be ideal for transporting cells and soluble mediators into sites of injury.\[[@ref16]\] Bartosh *et al*. envisaged that 3D constructs of MSCs, with enhanced anti-inflammatory properties, could be mass produced as off-the-shelf medication.\[[@ref52]\] Future technology could involve the use of biogels,\[[@ref53]\] biodegradable matrices\[[@ref14]\] and microparticles that integrate into the wound bed without the risk of foreign body reaction or infection.\[[@ref18]\] Dermal matrix carrier has been found to improve the therapeutic effects of bone marrow and ASCs in murine models.\[[@ref54][@ref55]\] Composite skin with xenogenic dermis seeded with epidermal stem cells and dermal papilla cells has also favoured wound healing.\[[@ref56]\] Impregnating the carrier with growth factors that induce the commitment of resident stem cells into keratinocytes is also another possibility. Genetic modulation and transfection of cutaneous stem cells for induction into keratinocyte lineage has also been postulated.\[[@ref19][@ref57][@ref58]\] MSC mobilization strategies with factors such as Granulocyte Macrophage Colony Stimulating Factor GM-CSF are envisaged.\[[@ref59]\] Development of smart biomaterials that would augment the transit of circulating stem cells is also sought after. This can potentially avoid the application of exogenous cells, using the patient\'s own cells for wound healing.\[[@ref7]\]

The amount of stem cells required for optimisation of the wound is also not standardised. The number and location of stem cells within skin may contribute to rapid healing seen in the foetus.\[[@ref13]\] However, cells migrate to distant organs like spleen,\[[@ref60]\] when therapeutically administered numbers exceed 1 ×10^6^. Adequate culture, expansion and characterisation of stem cells take 3 weeks to 1 month in the laboratory. This timeframe can give rise to significant delay in coverage of large wounds.

The current status of stem cells in chronic wounds would be as an additional tool to the existing therapeutic armamentarium. The first worldwide clinical trial involving cadaveric MSCs will be underway this year.\[[@ref61]\] Future goals of stem cell therapy for chronic wounds should focus on rapid expansion of cells *in vitro*. Another option would be to maximise the number of precursor cells resident in the wound.\[[@ref32]\] Effective delivery and optimal engraftment of these cells are also of paramount importance. A bioengineered dermal--epidermal composite enriched with expanded autologous stem cells that can immune-modulate the wound it covers remains a challenge for reconstructive surgery.\[[@ref11]\]
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